Introduction
Nitrogen (N) is commonly associated with tree growth and vigour, two characteristics that, if managed with care, are of the outmost importance for the development of newly planted trees so that they are able to maximize their flower production and yield potential. Too much vigour can be a result of N imbalance and can compromise the onset of bearing or even the yield in the first years. Some fertilization plans recommend N application since the beginning of bud break until 6 weeks after full bloom for bearing pear trees (Gonçalves et al., 1997; Luz et al., 2005; Cavaco et al., 2006) , whereas others defend that N must be applied during the whole growth cycle (Quartieri et al., 1996; Raese, 1997) considering that after harvest trees can still improve their reserves through N uptake from the soil. Furthermore, N fertilization must be guided by environmental concerns which comprise its susceptibility to leaching (especially in the nitrate form), and also N re-cycling as a consequence of leaf fall, pruning wood and root death. Although some authors have studied the fertilizer N use efficiency in pears and apples (Millard and Neilsen, 1989; Cheng et al., 2001 Cheng et al., , 2004 Neilsen et al., 2001a) , most studies were performed in pots and in sand culture, compromising its applicability to field conditions. The re-cycling of N, as a result of the decomposition of senescent leaves in soils, was only addressed in one study with apple trees (Tagliavini et al., 2004 (Tagliavini et al., , 2007 .
The objectives of the present work were to study: (i) the fertilizer N uptake during the growth cycle of 1-3 years old 'Rocha' pear trees grown in the field; (ii) the N remobilization within the tree; (iii) the overall fertilizer N use efficiency at the end of each year; (iv) N re-cycling from the decomposition of senescent leaves in the orchard. In newly planted orchards, special attention must be paid to fertilization to build up the permanent structure of the trees so that high yield and fruit quality can be reached later on. Nitrogen (N) plays a major role in the fertilization plan, although few studies have assessed its use efficiency in young nonbearing trees, especially in field conditions. In this work, 1-3 years old 'Rocha' pear trees, grafted on quince BA29, were planted in a Mediterranean region, and fertigated with 6 g N tree À1 year À1 as ammonium nitrate with 5 at.% 15 N enrichment to study the fertilizer N uptake during the vegetative cycle, the overall fertilizer N use efficiency at the end of each year, and the plant-soil N balance for this period. Nitrogen remobilization and the re-cycling of N from senescent leaves were also studied by fertilizing some pear trees with 10 at.% 15 N enrichment. Nitrogen uptake was minimum at bud break and peaked in June/July remaining more or less constant until leaf fall. About 25% of the fertilizer N taken up by 3 years old trees in the previous year was found in the new tissues formed (flowers, leaves and 1-year-old shoots), reaching 27% when fine roots were also included. In those trees, 32% and 54% of the 15 N stored in the previous year in the trunk and older shoots, respectively, were mobilized to the new growth in the following year.
Fertilizer N use efficiency by trees increased from the first to the third year but was generally small (6%, 14% and 33%), and estimated N losses were large (89%, 46% and 53%, respectively in the first, second and third years). Irrigation water and soil provided more N to the trees than fertilizer N.
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Materials and methods

Site and experimental layout
In March 2003, 'Rocha' pear trees (Pyrus communis L.) grafted on quince (Cydonia oblonga Mill.) BA29 were planted in a 1.5 m Â 4.0 m spacing, in Pêro Moniz, Cadaval (39814 0 N; 9806 0 W; 70 m altitude), located at 'Ribatejo e Oeste' region (west Portugal). The bare-rooted trees were planted after medium root pruning (30% volume reduction).
The soil (Anthrosol, FAO-ISRIC-ISSS, 1998) had a sandy-loam texture with a bulk density of 1.3 g cm À3 , slightly acidic pH ðH 2 OÞ (5.4) and low organic matter and N content (12.0 g kg À1 and 0.5 g kg À1 , respectively). Lime was applied to the soil in the two first years of the experiment, at a rate of 1.2 t ha À1 year À1 as calcium carbonate in order to increase pH to about 6.5 (Ojea and Taboadela, 1957) , the optimum pH value for pear nutrition and nutrient availability in the soil. Soil pH rose to 6.6 at the end of the third year, and leaf micronutrient concentrations in pear trees were always above or at optimum level (data not shown).
The climate of the region is characterized by mild autumns and winters and hot and dry summers, a Mediterranean-type climate. Mean air temperatures ranged from 7.2 8C to 10.9 8C in January/ February to 21.6 8C to 23.0 8C in July/August. Minimum air temperatures varied from À0.4 8C to 17. (Gonçalves et al., 1997) .
Nitrogen uptake during the growth cycle
Fifteen pear trees (planted in March 2003) were fertilized with 10 kg N ha À1 year À1 (6 g N tree À1 year À1 ) as ammonium nitrate during the first 3 years after planting. Each year, in a set of five trees (completely randomized design with five replications) the fertilizer was distributed manually and was doubly enriched with 5 at.% 15 N, being applied in the wetting zone of the emitters and split as follows: 60% from April to June (20% in each month), and 40% from July to October (10% in each month), according to national IFP guidelines (Gonçalves et al., 1997) and standard practice by pear growers. In the five trees labelled with 15 N leaf sampling (mid third of newly formed shoots) was monthly performed from May until leaf fall (November of 2003 , and December of 2004 and 2005 . Leaves were analyzed for total N and % 15 N enrichment (mass spectrometry). Nitrogen withdrawal from senescent leaves to perennial storage organs before leaf fall was calculated as the difference between the amount of N in leaves in August (growth cessation) and the amount of N at leaf fall (Neilsen et al., 2001a) , assuming a constant leaf weight during this period.
Tree growth and N partitioning
At planting (March 2003) five pear trees coming from the nursery were root pruned and then washed, dried (65 8C during at least 48 h), weighed to calculate the dry weight (DW), ground (<0.5 mm) and analyzed for total N (Kjeldahl). A group of 15 pear trees were planted and fertilized with 10 kg N ha À1 year
À1
(6 g N tree À1 year À1 ) as ammonium nitrate during the following 3 years, and in each year a set of 5 trees was labelled with 15 N, similarly to the trees described in 2.2. After leaf fall, in November 2003, January 2005 and January 2006, the five trees labelled with 15 N were removed from the soil (destructive harvest, excavated manually). Growth was evaluated in each harvested tree by measuring the trunk perimeter and tree height (20 cm above the grafting area (Jordão, 2002) ), the 1-year-old shoot length, the maximum root depth, and the root length in the row and between rows. The trunk cross-sectional area (TCSA) was calculated, based on the trunk perimeter, according to Westwood (1993) , and maximum root volume was calculated as the product of maximum root depth, root length in the row, and root length between rows, assuming a parallelepiped geometry. The harvested trees were then separated into fine roots (<2 mm diameter), coarse roots (!2 mm diameter), trunk, shoots (1 year, 2 years (n À 1) and 3 years old (n À 2)), leaves (senescent leaves) and flowers (only in the third year, consisting in all open flowers collected during the blooming period). The tree fractions were washed, dried (65 8C during at least 48 h), weighed to calculate the DW, ground (<0.5 mm) and analyzed for total N and % 15 N enrichment. side of the tree). These leaves were placed directly on the soil surface at bud break (March 2006) , in an area of 0.04 m 2 in each side of the tree, and covered by a nylon net (to prevent disturbance by wind or fauna). In August of the same year, a sample of 20 leaves from the mid third of newly formed shoots was collected per tree and analyzed for total N and % 15 N enrichment, to evaluate if any 15 N coming from the decomposition of those senescent leaves was absorbed by the pear trees.
Soil and water sampling
Soil sampling was annually performed, at the end of the growth cycle (1 month after the last fertilization). Samples were collected in the moistened bulb zones and were air-dried, sieved (<0.5 mm) and analyzed for pH ðH 2 OÞ , organic carbon (C) The N balance in the soil-plant system, as a result of the N fertilization in each of the 3 years was determined as follows:
Nin the soilðg tree À1 year À1 Þ Unrecovered (N remaining after the subtraction) represented the N losses which can be a result of leaching, gaseous losses, or losses from the unrecovered fine and dead roots, fallen leaves, or flowers.
Data were analyzed for variance by the General Linear Model using the SPSS 11.0 package. Means separation were performed using the post hoc Sché ffé 's test (p < 0.05). In the text, means and standard deviations were sometimes included. Linear regression equations were fitted (p < 0.001) for tree components, over the 3-year experiment.
Results
Nitrogen uptake during the growth cycle
The variation of N concentration in leaves from the mid third of newly formed shoots was similar in the 3 years from May to July, with a sharp decrease from May to June (Fig. 1A) . In the first year, N concentration was similar from July to leaf fall, whereas in the second and third years leaf N was smaller at the end of the vegetative cycle (senescent leaves). When comparing the amount of N in senescent leaves with leaf N content in August we observed that N withdrawal from senescent leaves to perennial storage organs before leaf fall was absent in the first year, was very low in the second year (10%), increasing with tree age (28% in the third year).
In years 1 and 2, the %N derived from the fertilizer (%Ndff) in the leaves from the mid third of newly formed shoots (Fig. 1B) increased from <5% Ndff in May to 12% Ndff in August remaining stable thereafter. This increase was slower in the first year than in the second. In the third year, no significant differences in the %Ndff were observed during the growth cycle, although a trend for slightly lower values in May and December was observed.
Tree growth and N partitioning
Tree height increased from 165 cm to 244 cm, from years 1 to 3, and the trunk cross-sectional area varied from 2.2 cm 2 to 15.7 cm 2 (Table 1) . Shoot length did not vary significantly from year to year (on average 23 cm). The maximum root depth increased from about 30 cm at the end of the first year to more than 60 cm in the third year, and maximum root length in the row and between rows varied, respectively, from around 30 cm to 90 cm, and from 30 cm to 60 cm (Table 1) . The maximum root volume of 3 years old pear trees was about 10 times greater than volume in the first year. Total biomass accumulated by the plants at the end of each vegetative cycle (Table 2) increased from 182 g (in the nursery) to 2446 g (in the third year). The tree trunk and the coarse roots had the greatest dry weights in each year. The DW of coarse roots and new shoots represented constant proportions relatively to total tree biomass (0.34 and 0.10, respectively). In contrast, the DW of trunk, senescent leaves and fine roots represented a smaller proportion in relation to the total tree biomass as trees aged. The aboveground/belowground ratio increased with tree age from 0.9 (in the nursery) to 1.7 (in the third year).
The %Ndff in the trees was similar for all plant organs in the first and second years after planting (corresponding to an average of 10%) (Table 2 ), but in the third year the %Ndff was greater in the fine roots (around 13%) and smaller in the senescent leaves (7%).
Nitrogen content in the trees coming from the nursery was 1.35 g per tree and 1 year later it was 3.87 g ( Table 2 ). In the second year, N accumulated by the tree rose to 8.12 g, and finally, it was 21.60 g N per tree in the third year. Total N content of tree parts or of each plant organ during the first 3 years after planting was linearly related to TCSA (Table 3) clearly showing the strong dependence between trunk perimeter and tree N nutrition, as expected.
The N content and the 15 N recovered in the tree were always greatest in the trunk and coarse roots and smallest in the fine roots (Table 2 ) because of their small biomass. The estimated %FNUE for the non-bearing pear trees varied from 6% to 14% and 33% in the Tables 2 and 4 , the amount, source and age of N present in the different plant organs of 3 years old pear trees at the end of leaf fall could be assessed (Table 5) . In this case, the total N content in the different plant parts was considered as the average from trees fertilized in the current year and those labelled in the previous year.
The amount of 15 N from the fertilizer applied in the current year (1966 mg 15 N tree À1 ), was significantly greater than the 15 N from the fertilizer applied in the previous year (remobilized N) (763 mg 15 N tree À1 ) (Table 5 ). This was a consequence of greater biomass and increased fertilizer N use efficiency (FNUE) with plant age. Nevertheless, of the total N content of the 3 years old trees at the end of leaf fall, only about 10% came from the fertilizer applied in that year, 4% was originated by previous year fertilization, and the remaining 86% came from other N sources (Table 5) .
The relative importance of the remobilized vs. newly absorbed 15 N in the new organs of 3 years old pear trees was different, as the remobilized 15 N in the senescent leaves represented 71% of the 15 N absorbed from the fertilizer in the current year, whereas in the new shoots and fine roots the importance of remobilized 15 N was smaller, when compared to newly absorbed 15 N (37% and 28%, respectively) ( Table 5 ). This seems to indicate that leaves were more dependent on remobilized N than shoots and fine roots.
The N requirements were calculated for one to 3 years old 'Rocha'/BA29 pear trees, based on the characteristics of the trees coming from the nursery and on the trees fertigated for 3 years with 6 g N tree À1 year À1 . The difference between total N in year (n) minus N stored in year (n À 1) resulted in estimated N needs of 2.5, 4.8 and 14.4 g N per tree, in each of the first 3 years, respectively (Table 2 ). In accordance with the low FNUE of the trees and confirming what was stated above for each plant organ in 3 years old pear trees, the majority of the N came from other N sources than the mineral N fertilization (84%, 83% and 86% in years 1, 2 and 3, respectively, calculated as the ratio (1 À 15 N recovered from the fertilizer)/Nneeds ( Table 2 ). The irrigation water in each year supplied 4 g N per tree, 6 g N per tree and 4 g N per tree in years 1, 2 and 3, respectively (data not shown).
Nitrogen re-cycling from mineralization of fallen leaves
A potential source of N in the soil comes from the decomposition of fallen leaves. One to three years old pear trees returned to the soil 0.6 g N tree À1 year À1 , 0.9 g N tree À1 year À1 and 1.4 g N tree
À1
year À1 , respectively (Table 2) N enrichment in the whole tree by leaf fall was the same as in August in the leaves of the mid third of 1-year-old shoots, and assuming that trees only accumulated over the fourth year the same amount of N as in the third year (13.48 g N per tree), it would still represent a recovery of 50% of the N present in senescent leaves (73 mg N recovered in each tree compared with 151 mg N supplied by 10 g of senescent leaves). This means that over the season senescent leaves may contribute significantly to plant nutrition, under the present conditions.
3.5.
N balance in the soil-plant system
Total N concentration in the soil decreased from the second to the third year of the experiment (Table 6 ). The percentage of 15 N derived from the fertilizer and residual 15 N (g tree À1 ) in the soil were significantly greater in the upper soil layer (0-20 cm) in the two first years, but did not vary significantly with depth in the last year. The proportion of residual N in the soil coming from the fertilizer varied from 0.7% in the first year (0-40 cm) to 1.4% and 0.5% in the second and third years (0-60 cm), respectively (Table 6) , considering the mean effect of soil depth. Sen. leaves, senescent leaves; shoots, 1-year shoots; shoots (n À 1), shoots from previous year; shoots (n À 2), shoots from 2 years ago. Different small letters in the same column and for each year differ significantly (Sché ffé 's test, p < 0.05) between organs.
Since soil mineral N was low during the 3-year experiment ( and third years, respectively, corresponding to 5%, 40% and 14% of the total 15 N applied by fertilization (Fig. 2) . The 15 N accounted for in the soil-plant system over the 3-year experiment also reflected the increase in %FNUE by the plants (6-33%) from the first to the last year, as already mentioned. Estimated unaccounted for N varied from 89% to 46% and 53%, in years 1, 2 and 3, respectively (Fig. 2) .
Discussion
Over the first 3 years after planting, the pear trees had increasing N requirements as a result of the growth of structural and storage organs. Estimated tree N requirements over the first 3 years after planting were about 3, 5 and 14 g N tree À1 in each year, respectively (difference between total N in year n minus N stored in year (n À 1)) (Table 2), increasing exponentially with tree age and related mainly with the trunk biomass increase (which represented the main N storage organ). Thus, in young non-bearing pear trees, the FNUE would have to be at least 50% if plant needs were to be met by the fertilizer N applied (6 g N per tree), and even so, this N rate was clearly insufficient in the third year of planting. But this was not the case, since more than 80% of the N absorbed by the trees in the first 3 years after planting came from N sources other than the fertilizer applied (Tables 2 and 5 ). At the end of the third year, only 16% of the total N in the tree was derived from fertilizer applied in the last 2 years, contrasting with the 50% obtained by Menino et al. (2007) in orange trees of the same age. It seems that in deciduous trees the importance of N reserves for sustaining growth and development is greater compared with citrus trees. Root pruning at planting probably delayed N uptake in this first year, making the newly planted trees even more dependent on the N reserves accumulated in the nursery for the initial vegetative growth (Fig. 1B) . As a result, the quality of the plant material bought by farmers, which reflects the agricultural practices performed in the nursery, is crucial for the good establishment of an orchard, conditioning the future growth and development of newly planted trees.
The N pool size in the frame (trunk and shoots) was almost double that in the roots (Table 2 ). This was reflected in the increased shoot/root ratio of the non-pruned trees from the nursery (0.9) to the end of the third year (1.7). Although root pruning at planting aimed to obtain an equilibrium between shoot and root, in the absence of aerial pruning this ratio increased Sen. leaves, senescent leaves; shoots, 1-year-old shoots; shoots (n À 1), shoots from previous year; shoots (n À 2), shoots from 2 years ago; Ndff, nitrogen derived from the fertilizer ( 15 N). N_res were calculated based on the maximum root volume, for each soil depth. Different small letters in the same column differ significantly (Sché ffé 's test, p < 0.05) between depths, in the same year; different capital letters in the same columns differ significantly (Sché ffé 's test, p < 0.05) between years, for the same soil depth.
substantially during the first year (1.4), which led to a greater N accumulation in the aboveground organs.
The trunk contained 31-44% of the tree N, substantially more than the values obtained by Menino et al. (2007) in citrus of the same age (15% in the first year and 5% the following 2 years). These results show the importance of the trunk as a storage organ in deciduous trees, whereas in evergreen trees the leaves constituted the most important reserve of N (Menino et al., 2007) . The N stored in the frame of the young pear trees (trunk and shoots) was essential for supporting the new growth in the following spring, providing 32% and 54% of the 15 N stored in the trunk and older shoots, respectively, to the growth of new organs (flowers, leaves and 1-year-old shoots). Our results do not agree with those reported by Baherle et al. (1994) in peach, Marmann et al. (1997) in ash, Tagliavini et al. (1999) in nectarine, Frak et al. (2002) in walnut, Quartieri et al. (2002) in pear and Grassi et al. (2003) in cherry who estimated that in deciduous trees, roots were the main reservoir for N over winter. Nevertheless, they agree with the findings of Millard and Neilsen (1989) who stated that stems were the most important organs in remobilizing N to the new growth in 1-year-old M26 apple rootstocks. These differences may be due to different N supply (early, late or continuous N supply) which influences the pattern of plant uptake and partitioning of N, affecting the spring remobilization of N (Quartieri et al., 1996; Tagliavini et al., 1999) but also because roots became more important for N storage in older trees (Sanchez et al., 1991) . Moreover, since the trees were sampled at leaf senescence, the global labelled N budget may underestimate the role of the roots in N remobilization to the new growth, given the importance of retranslocation of N in the phloem from shoots to roots (Millard and Neilsen, 1989) . The absence of aboveground pruning could also have contributed to the greater storage importance showed by the trunk and older shoots.
At the end of the third year, the new organs (flowers, leaves, 1-year-old shoots and fine roots) contained 204 mg 15 N tree À1 , corresponding to 27% of the fertilizer 15 N applied in the preceding year, a similar value to that obtained by Quartieri et al. (2002) in 2 years old 'Abbé Fé tel' pear trees (23-24%) in sand culture. In 3 years old Fagus sylvatica L., also in sand culture, the shoots and coarse roots contributed to the leaf biomass with 15% of the N absorbed in the previous year (Dyckmans and Flessa, 2001 ), whereas in 1-yearold walnut trees (Juglans nigra Â regia) the remobilized N represented 54% of the N recovered in the new shoots after shoot growth cessation (50 d after bud break) (Frak et al., 2002) . Since the young pear trees were sampled at leaf fall, the remobilized N was dependent on the unlabelled N fertilizer taken up by during that year, which, in turn, was affected by the N fluxes occurring inside the trees during the year leading to allocation and re-allocation of N between organs (aerial and subterranean) during the vegetative cycle (Grassi et al., 2003) .
Comparing the distribution of plant 15 N absorbed from the fertilizer in the current year and the amount of remobilized N coming from the fertilizer applied in the preceding year, the latter was more important in leaves (71%), than in 1-year-old shoots (37%) and fine roots (28%) ( Table 5 ). This was due to the fact that remobilization can occur until 45-70 d after bud break (Cheng et al., 2001 (Cheng et al., , 2002 Grassi et al., 2002 Grassi et al., , 2003 while only a small N uptake from fertilizer occurs at this time (Quartieri et al., 1996; Tagliavini et al., 1997) , especially due to low soil temperature in this period. Furthermore, rapid root growth does not start until after the rate of leaf growth decreases or ceases altogether (Millard and Neilsen, 1989) . The 15 N enrichment in leaves collected from the medium third of 1-year-old shoots was used to establish the pattern of N uptake from the soil, assuming that roots did not discriminate between fertilizer and native soil N. Nitrogen uptake was very small during the first 2 months after bud break (April and May), and increased thereafter, stabilizing from June/July to the end of the growth cycle (Fig. 1) . A similar trend was found in bearing 'Rocha' pear trees managed in similar conditions, although the %Ndff in the leaves increased earlier (since May) and decreased sharply during senescence, revealing a greater N mobilization to storage organs (unpublished results). The increase of %Ndff in the leaves was related with shoot growth, stabilizing when the growth ceased (August). In 3 years old peach trees (Prunus persicae (L.) cv. Maycrest) grafted on Nemaguard rootstock, grown in silicious sand and fertilized with a solution containing 15 N-enriched KNO 3 , maximum N absorption also took place during the periods of maximal vegetative growth (May-August) (Muñ oz et al., 1993) . These results show that initial vegetative growth (in the first 2-3 months after bud break) was mainly dependent on N remobilization from storage organs and not directly from N taken up from the soil (Grassi et al., 2003; Guak et al., 2003) . The pattern of fertilizer N uptake by these trees agreed with the findings of Cheng et al. (2001) and Neilsen et al. (2001a) that sustained that very small amounts of N were required until about 3 months after planting. Furthermore, the pear trees were root pruned before planting, compromising even more the N uptake during the first year as shown for root pruned 1-year-old 'Fuji' apples that took 76 days to attain similar levels of N uptake when compared with trees planted with intact root (Dong et al., 2003) . In this case, carbon supply also limited N uptake (Lemaire and Millard, 1999) since the trees had few leaves to produce photo assimilates that could be transported to the roots. As a result of root pruning, a greater energetic investment in the recovery of the root system was required before it regained its functionality. From the discussion above, the statement that N should be supplied from bud break until the end of the cell division phase of the fruits (6 weeks after full bloom) (Gonçalves et al., 1997; Luz et al., 2005; Cavaco et al., 2006) does not seem adjusted to N requirements of non-bearing young trees.
The low %Ndff recovery in the leaves until June partly explained the small %FNUE observed in the young pear trees (6%, 14% and 33% in the year 1, 2 and 3, respectively). Nevertheless, the value in the third year was considerably greater than the obtained in 5 years old 'Comice'/BA29 pear trees in the field (15-25% FNUE) fertilized annually with 50 kg N ha À1 as ammonium nitrate in a nonirrigated orchard (Sanchez et al., 1991; Righetti et al., 1994) . Fertigation may have increased the FNUE of the pear trees in the present study since it provided a continuous N supply, enhancing its direct contact with the roots by the water flow. However, in a 3 years old 'Elstar' apple orchard, fertigated at a constant rate of 20 g N tree À1 year À1 as calcium nitrate, a smaller FNUE (22%) was also observed (Neilsen et al., 2001b) . In this case, the N supply in one single form (NO 3 À ) was probably not as favourable as the fertilization with both N forms (NO 3 À and NH 4 + ), since leaching losses are less and N uptake by pear trees is greater when both N forms are present (Mengel and Kirkby, 2001) . It must be stated, however, that the interpretation of the present experimental results were conditioned by the influence of the rootstock, the cultivar and the species itself on N uptake, N partitioning and N fertilization use efficiency . Furthermore, the fact that non-bearing trees were studied implies an extra precaution when comparing results obtained for bearing trees, since N partitioning in the tree is extremely dependent upon the sink/source balance between fruits and leaves (Righetti et al., 1994) . The senescent leaves returned to the soil 0.6 g N per tree, 0.9 g N per tree and 1.4 g N per tree through leaf fall in year 1, 2 and 3, respectively (Table 2) . Senescent leaves contained a smaller proportion of total N as trees aged (from 15% to 7% in the first and third years) ( Table 2 ), but had an increasing ability to mobilize N to perennial storage organs before leaf fall (10% and 28% in the second and third years, respectively). Nitrogen withdrawal from senescent leaves can vary from 0% to 79% of their total N (Millard, 1996) . This process depends mainly on the climatic conditions that preceded leaf abscission (Cheng et al., 2002) , but also on crop load (Sanchez et al., 1991; Hö rtensteiner and Feller, 2002) and tree N nutritional status (Millard and Thomson, 1989; Millard and Proe, 1991; Millard, 1996; Cheng et al., 2002) . When extreme climatic or physiological conditions occur (e.g., very high or very low temperatures, nutritional deficiency or excess, water stress), leaf senescence is earlier and faster and N withdrawal decreases (Tagliavini et al., 2000; Hö rtensteiner and Feller, 2002) . In the first year after planting, early leaf senescence (November) probably affected N withdrawal from leaves, whereas in the second and third years leaf senescence occurred in December and an apparently greater withdrawal from the leaves before abscission took place. Although tree age has not been referred as a determinant factor in the variability of N withdrawal from senescent leaves, this could also have influenced our results.
The spring N remobilization was mostly dependent upon the direct uptake of N from the soil into the roots and stems for storage over the winter period, as already observed for other deciduous species (Millard and Proe, 1991) .
Residual 15 N in the soil was mostly accumulated in the upper soil layer (0-20 cm), especially in the organic form, due to the drop of plant material, root death, root exudates (Carranca et al., 1999) and microbial assimilation, representing 5%, 40% and 14% of the applied N in years 1, 2 and 3, respectively (Fig. 2) . Unaccounted N, which represents the potential N losses, was 89%, 46% and 53% of the applied N in the first, second and third years, respectively (Fig. 2) . These appreciable losses can be attributed to leaching or gaseous losses. Large N losses were also estimated by Menino et al. (2007) in young drip fertigated 'Lane Late'/'Carrizo' citrange citrus trees planted in a sandy soil under Mediterranean conditions (87%, 69% and 53% in the first 3 years after planting, respectively). Climate, mainly the irregular rainfall distribution during the experimental period, may probably explain N losses by leaching, but also the gaseous losses, caused by the high air temperatures in the summer. In the present study, in the first year (2003), the amount of rainfall was 582 mm, distributed in April (18%) and October-November (70%). As a result, part of the mineral N applied in April (20% of total N supplied) was possibly lost by leaching, due to the small root system and low activity. In October, the occurrence of 180 mm of rainfall probably also led to leaching losses. In the following years the rainfall distribution pattern was similar to the first year. Summarizing, in Mediterranean climates, the rainy spring and autumn pose serious risks in terms of fertilizer N losses by leaching. Since in those periods tree roots are not so active in taking up N from the soil, high N rates at these stages should be avoided. Irrigation water was probably one of the alternative N source for the young pear trees, since it contained nitrate in appreciable amounts (about 5 g N-NO 3 À tree À1 year À1 ). This N input must be considered when interpreting total N uptake by trees, as a more available, but also more prone to leaching N form. Soil organic matter mineralization, namely through the decomposition of the fallen leaves, could be another potential N source. Mineralization in this orchard occurred concurrently with tree N uptake, from July till November (3.8-10.5 kg N ha À1 ), and N immobilization occurred immediately after the addition of senescent leaves to the soil (0.4-9.7 kg N ha À1 ) (Neto, unpublished results). From the data of the present study, the 15 N abundance in the mid-third leaves of 1-year-old shoot of 4 years old pear trees was 0.372 AE 0.002 at.% 15 N, 5 months (August) after the addition of senescent leaves to the soil. This low value was in the range of values measured in May and June in the same type of leaves of 1-year-old pear trees, fertilized with labelled mineral N fertilizer (Fig. 1B) . Tagliavini et al. (2007) N natural abundance, while after 2 years the trees had taken up 16% of the N initially present in the leaf litter, mostly in the tree framework (Tagliavini et al., 2007 ). It appears that in Mediterranean conditions, the contribution of N from leaf litter can be greater than in the North of Italy, since after 5 months the pear trees had taken up a similar amount of N compared to the apple trees after 12 months of organic fertilization and by leaf fall the trees had probably recovered half of the N applied via the senescent leaves. Further studies will be necessary to enlighten the role of senescent leaves in N re-cycling in fruit trees, since these are the only two studies available on this subject, and factors like leaf fall progression, wind leaf dispersal and cumulative senescent leaf deposition can affect the decomposition dynamics and N availability for trees in the field. At present, we think that most N taken up from soil derived from native organic N, instead of senescent leaves, due to the small amount of N provided by these (1.4 g in the 3 years old trees).
Conclusion
In conclusion, young non-bearing 'Rocha' pear trees grafted on quince BA29 and planted in a Mediterranean region showed a continuous fertilizer N uptake over the growing season, but in the first 1-2 months after bud break N uptake was very low since the trees used mainly their stored N for the initial growth. As a result, the amount of N provided by fertigation should be reduced during the first 2 months after bud break, increasing towards June/July and maintaining a moderate N supply until the beginning of leaf fall. At this stage, split N should also be reduced in order to avoid greater N leaching losses. This N fertilizer distribution may help to increase the fertilizer N use efficiency by young non-bearing pear trees, which was particularly low in the first 2 years after planting, although increasing with age to a value considered favourable in the third year, compared with results from other tree species. Additionally, the N supply should also increase the N pool in trees, to be used for remobilization in the following year, avoiding potentially high N losses through leaching after leaf fall.
The main reserve organs in these young unprunned deciduous trees were the trunk and shoots, followed by coarse roots, which together accounted for most of the remobilized N. Since the estimated tree N requirements over the first years after planting were related with the increase in the trunk cross-sectional area, growth-based models could help to predict N needs, to be included in decision-support systems for fertilization recommendations.
